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FIELD OF THE INVENTION 

[002] The present invention relates generally to silk biomaterials, e.g., fibers, 
films, foams and mats, and use of those materials in tissue engineered constiucts. 

BACKGROUND OF THE INVENTION 

[003] Electrospinning for the finrnatianoffine fibers has been actively explored 
recently for iq>plications such as high performance filtars [1,2] and biomaterial 
scaEfidds fijr cell growth, vascular grafts, wound dressings or tissue engineering [2-4]. 
Fibras with nanoscale diameter provide benefits due to their high surface area. In this 
electrostatic technique, a strong etectric field is generated between a polymer solution 
cautained in a glass syringe with a cqnllary tip and a metaUic collection screen. 
When the voltage reaches a critical valuer the charge overcomes the surface tension of 
the deformed drop of suspended polymet solution formed on the tq) of the syringe, 
and a jet is produced. The electrically charged jet undergoes a series of electrically 
induced bending instabilities during passage to the collectim screen ftat results in 
stretching [5-7]. This stretching process is aocompamed by teiapidevqxnation of 
tiie solvent and results in a reduction in the diameter of the jet [8-12]. The dry fibers 
accumulated on the surfiice of the collectioa screen form a non-woven mesh of 
nanometer to niicrometer diameter fibers even when operating with aqueous solutions 
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at ambient temperatuce and piessure. The electrospinmng process can be adjusted to 
control fiber diameter by varying tlie diaige density and polymer solution 
concenttation, while the duration of electrospinning controls the thickness of the 
deposited mesh [8-13]. 

[004] Protein fiber spinning in nature, such as for silkworm and spider sillcs, is 
based on the formation of concentrated solutions of metastable lyotiopic phases that 
ate fliai forced through small spmnerets into ail [14]. The fiber diameters produced 
in these natural spiimiiig processes range finm tens of inictans in the case of silkworm 
^Ik to microns to submicron in the case ofspider silks [14]. The production of fibers 
finm piDtem solutions has typically relied upon the use of wet or dry spinning 
processes [15, 16]. Electrospinning offers an alternative appioadi to protein fiber 
finmation tet can potentially generate very fine fibers. This would be a useflil 
feature based on the potential lole of these types of fibers in some qqplications such as 
biomaterials and tissue engineering [17]. Electrospinning has been utilized to 
generate nanometer diameter fibers ftom recombinant elastin protein [17] and silk- 
like protem [18-20]. Zarkoob et al. [21] have also reported that silkworm silk iiom 
Bombyx mori cocoons and spider diaglme silk fiom Nephila ckvipes silk can be 
electrospun into nanometer diameter fibers if first solubilized in the organic solvent 
hexafiuoro-2-ptopanol (HFIP). 

[005] Silk is a well described natural fiber produced by the silkworm, Bombyx 
mori, which has been used traditionally in the fitrm of threads in textiles for thousands 
of years. This silk contains a fibrous protein termed fibroin (both heavy and light 
chains) that form the thread core, and glue-like proteins termed sericin that surround 
the fibroin fibers to cement them together. The fibroin is a highly insoluble protein 
containing up to 90% of tl» amino adds glycine, alanine and serine leading to (3- 
pleated sheet formation in the fibers [22]. 

[006] The unique mechanical properties of reprocessed silk such as fibroin and 
its bioconqiatibility make die silk fibers especially attractive fbrtise in 
biotechnological materials and medical triplications [14, 23]. 



Hecttospinning siDc fibers for U 



process, especially due to problems encountered with conformational transitions of 
silkworm fibroin dudi^ solubilization and reptocessing bom aqueous solution to 
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[0012] The present invention also provides a fiber produced by the process. 

[0013] In another embodiment, the biomaterial is a film. The film is produced, 
for example, by a process comprisir^ the steps of (a) preparing an aqueous solution of 
a silk protein; (b) adding a biocompatible polymer to the aqueous solution; (c) drying 
the mixture; and (d) contacting the mixture with an alcohol/water solution to 
crystallize the silk blend film. The process can optionally include step (e) of drawing 



[0014] In the processes ofthe present invention, the aqueous solution of a silk 
protein is preferably in an aqueous salt solution (e.g., lilhium bromide or lithium 
thiocyanate) or a strong acid solution (e.g., formic acid, hydrochloric add). 

[0015] The silk protein suitable for use in the present invention is preferably 
fibroin or related protems (i.e., silks from spiders). The fibroin or related proteins are 
preferably obtained finm a solution containing a dissolved silkworm silk or spider 
silk. The silkworm silk is obtained, for example, from Bombyx mori. Spider silk 
may be obtained from NejAila clavipes. In the alternative, the silk protein suitable for 
use in the present invention can be obtained iiom a solution containing a genetically 
engineered silk, such as from bacteria, yeast, mammalian cells, transgenic animals or 
transgenic plants. See, for example, WO 97/08315 and US Patent 5,245,012. 

[0016] The present invention also provides a biomaterial comprising a silk protein 
and a biocompatible polymer. The biomaterial may be a fiber, fikn, foam or a non- 
woven network of fibers (also referred to as a mat). The biomaterial may be used to 
facilitate tissue repair, ingrowth or regeneration as scaffold in a tissue engineered 
biocompatible polymer engineered construct, or to provide delivery of a protein or 
therapeutic agent. 

[0017] As used herein, biocompatible means that the polymer is nontoxic, non- 
mutagenic, and elicits a minimal to moderate inflammatory reaction. Preferred 
biocompatible polymer for use in the present invention include, for example, 
polyethylene oxide (PEO), polyeftylene glycol (PEG), collagen, fibronectin, keratin, 
polyaspartio acid, polylysmei alj^nate, chitosan, chitin, hyaluronic acid, pectin, 
polycsprolactone, poljiactic add, polyglycolic add, poljdiydroxyalkanoates. 



dextrans, and polyanhydrides. Iq accordance with ibe present invention, two or more 
biocompatible polymers can be added to the aqueous solution. 

[00 1 8] The present invention fiirtha: provides a composition comprising a alk 
protein and a biocompatible polymer in water, wheirau the composition is free of 
solvents other than water. Preferably, the silk protein is fibroin and Hie biocompatible 
polymer is PEO. The composition is usefiil in the mettiods of the present mventioii. 

[0019] Unless otherwise defined, all technical and scientific terms used herein 
have Ifae same meaning as commonly understood by one of ordinary skill in the ait 
Although methods and materials similar or equivalent to those described herein can be 
used in the practice or testing of the mvention, the preferred methods and materials 
are described below. All publications, patent appUcations, patents and other 
le&ioices mentioned herem are incoipoiated by reference. In addition, the malerials, 
methods and exan^les are illustrative only and not intended to be limiting. Incaseof 



BRIEF DESCRIPTION OF THE DRAWINGS 

[0020] The accompanying drawings, which are incatpoiated in and constitute a 
part of this specificafion, illustrate embodimeots of the inventirai and, together with 
the description, serve to explain the otjects, advant^es, and principles of ftie 
invention. 

[0021] Figure 1 iUustrates shear viscositifis of silk/PEO blend solutions m water. 

[0022] Figure 2 is a scaonmg electron miorogrtq^ofelectco^ fibers (No. 6) 
and sericin extracted Bombyx mori silk fiber (500 magnification). 

[0023] Figures 3A - 3D are scanning electron micrographs of electrospun fibers 
(No. 1): (a) an elecrospun fiber, (b) after methanol treatment, (c) after dissolved in 
water at room temp and (d) after dissolved in water at 36.5 °C. 



[0024] Figure 4 is an ATR spectra ofelectroqiun mat from silk/PEO blend 
solutions (tio.6) (dotted Ime: after methanol/watei(90/10 v/v) teeatment). 
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[0025] FiguresSA- 13BshowpercentageweightlossofsiIkandPEOblendfiteis 
in water at 37°C (dotted line: calctilated siUc wdgbt in films): (13A) silk/PEO Uend 
and (13B)silM>EG blend. 

[0026] Figure 6 shows DSC thermograms of silk, PEO and silk/PEO blend films 
before methanol treatment: (a) silk film; (b) silk/PEO (9S/2) blend; (c) silkyTEO 
(90/10) blend; (d) silk/PEO (80/20) blend; (e) silk/PEO (70/30) blend; (f) silk/PEO 
(60/40) blend; and (g) PEO. 

[0027] Figuie7showDSCthennogranisofsilk/PGObl^fi]n]safiQ'metbanol 
trealmeint: (a) silk film; (b) silk/PEO (98/2) blend; (c) silk/PEO (90/10) blend; (S) 
silk/PEO (80/20) blend; (e) silk/PEO (70/30) blend; and (f) silk/PEO (60/40) blend. 

[0028] Figures 8A - 8B show optical polarizing images of dectro^iun fibers 
(scale bar: 10|xM): (a) before heating at room tenqjeratuie and (b) after beating i;qi 
lOO-CataiateofS'C/min.' 

[0029] Figures 9 show ^eienlial scanning calorimeter (DSQtbeonograms of 
silk/PEO electro^un fiber mats after methanol treatment: (a) PEO non-extracted mat 
and (b) PEO extracted mat. 

[0030] Figures 1 OA - 1 OC show low voltage high resolution scanning election 
micrographs of electrospun mats: (a) individual liber surface after methanol 
treatment, (b) PEO non-extracted mat, and (c) PEO extracted mat. 

[003 1] Figure 1 1 shows representative mechanical properties of electcospim 
fibers. 

[0032] Figures 12A-12Bshowphase-conbastniicroscopyimagesofBMSCs 
growing on tissue culture plastic (poly(styrene)) after 1 day of cultim in the presence 
of (a) PEO non-extracted mats and (b) PEO extracted mats (x 40, scale bar: 100 |jm). 

[0033] Figure 13 shows scanning electron microgr!q>hs of BMSCs growing on 
electrospuninats and nati've silk fibroin matrices afier 1, 7, and 14 days (scale bar: 
500 |mi). 
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[0034] Figuies 14A - 14D show scanning electron microgr^hs of BMSCs 
growing on electtospun mats after 1 and 14 days: (scale bars: (a) SO fim, (b) 20 |im, 
(c) 20 (un, and (d) 10 |un). 

[0035] Figure 1 3 shows proliferation of BMSCs seeded on decttospun mats 
(seeding density: 25,000 cells/ran^ N=4). Error bars cortBspond to flie standard 

deviations. 

[0036] Figure 16 shows MTT results with seeding craiditians: 2S000/cm^ 20% 
serum aiier 14 days. Column hdghts coneqiond to the mean values and die enor 
bars to the standard deviations (ii!=3). 

DETAILED DESCRIPTION OF THE INVENTION 

[0037] We have developed an all-aqueous process for producing silk biomaterials, 
e.g., dectrospun silk fibers, fihns, foams and mats. This process effectively avoids the 
problems of (1) poor biocompatibility due to organic solvents used and (2) embrittled 
materials associated with conformational transitions of silk protein (e.g., silkworm 
fibroin) during solubilization and reprocessing ftom an aqueous solution. The process 
of the present invention comprises adding a biocompatible polymer to an aqueous 
solution of a silk protein. The solution is then processed to form a silk biomaterial. 

[0038] The silk protein suitable for use in the present invention is preferably 
fibroin or related proteins (i.e., silks from spiders). Preferably, fibroin or related 
proteins are obtained from a solution coalaining a dissolved silkworm silk or spider 
silk. The silkworm silk is obtained, for example, from Bombyx mori. Spider silk 
may be obtained from Nepbila clavipes. In the altHnative, the silk protein suitable for 
use in the present invoition can be obtained fi»m a solutkm contmning a gene^ 
engineered silk, such as from bacteria, yeast, mammalian cells, transgenic animals or 
transgenic plants. See, for example, WO 97/08315 and US Patent 5^45,012. 
[0039] The silk protein solution can be prepared by any conventional mediod 
known to one skilled in the art For example, B. mori cocoons are boiled for about 30 
minutes in an aqueous solution. Preferably, the aqueous solution is about 0.02M 
Ni^COa. The cocoons are rinsed, for example, with water to extract the seticin 
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proteins and Hie extracted silk is dissolved in an aqueous salt solution. Salts useful for 
lliis purpose include, lithium bromide, liftdun fbiocyanate, calcium nitrate or other 
chanical capable of solnWlizing alk. A strwjg acid such as formic or hydrochloric 
may also be used. Preferably, the extracted silk is dissolved in about 9-12 M LiBr 
solution. The salt is consequently removed using, for example, dialysis. 
[0040] The biocompatible polymer preferred for use in the present invention is 
selected from the group comprisii^ polyethylene oxide (PEO) (US 6,302,848) [24], 
polyethylene glycol (PEG) (US 6,395,734), collagen (US 6,127,143), fibronectin (US 
5>3,992), keratin (US 6,379,690), polyaspartic add (US 5,015.476), polylysme (US 
4,806,355), alginate (US 6,372,244), chitosan (US 6,310,188), chitm (US 5,093,489), 
hyaluronic add (US 387.413), pectin (US 6,325,810), polyc^laetone (US 
6,337,198), polylactic acid (US 6.267,776). polyglycoUc add (US 5.576,881), 
polyhydraxyalkanoates (US 6,245,537). dextrans (US 5,902,800), polyanhydtides 
(US 5,270,419), and othn bioconqiatible polymers. Preferably, the PEO has a 
molecular weight fcom.400,000 to 2,000,000 g/mol. Mote preferably, the molecular 
weight of (he PEO is about 900,000 g/mol. As contemplated by the present mvendon, 
two or more biocompatible polymers can be directly added to the aqueous solution 
sdmultat^usly. 

[0041] The present iinr«ition,m(H» embodiment, provides a fiber pioduced by a 
process of preparing an aqueous solution of a silk protein, adding a biocompatible 
polymer to the aqueous solndco, and electtospinning Hbs solution, thereby finming the 
fiber. Preferably, tiiB fiber has8diameterintiierangefirom50tolOOOnm. 

[0042] In this embodiment, the aqueous solution prefigraUy has a cancentration of 
about 0.1 to aibout 25 weight percent of flie silk protem. More preferably, the aqueous 
solution has a concentration of about 1 to about 10% weight percent of the silk 
protem. 

[0043] While not wisfaii^ to be bound by theory, it is believed that the addition of 
a biocompatible polymer or a plurality of bioconqiatible polymers described above 
generates viscosity and sur&ce tenaon suitable for electrospinning. 

[0044] Electrospinmng can be performed by any means known in the art (see, for 
example, US 6,110,590). Preferably, a steel capillary tube with a 1.0 mm htlemal 
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diameter tip is mounted on an adjustable, electrically insulated stand. Preferably, tiie 
catnllary tcdw is tnaintained at a Mgh electric potential aiid 
plate geometry. The cqrillaryttibe is prefimbly connected to a syririge filled with 
silk/biocoiiq>atible polymer sohitioa Preferably, a constant vohune flow rate is 
maintained using a syringe pump, set to keep the solution at the tip of the tube wititout 
driptnng. The electric potential, solution flow rate, and the distance between the 
capillary tip and the collection screen ate adjusted so that a stable jet is obtamed. Dry 
or wet fibers aio coUected by vatjing the distance between the cqiillary tip and fte 
collection screen. 

[004S] A collection screen suitable £w collecting silk fibers can be a wire mesh, a 
polymeric mesh, or a water bath. Alternatively and ptefciably, the collection scteai is 
an aluminum foil. The aluminum foil can be coated with Teflon fluid to make peeliiig 
offthe silk fibers easier. One skilled in tiie ait will be able to readily select other 
means of collecting tiie fi.beT solution as it travels tiuough tiie electric field. As is 
described in mote detail in Hbe Examples section below, the electric potential 
difference between the ciqrillary tip and the aluminum foil counter electrode is, 
preferably, gradually increased to about 12 kV, however, one skilled in the art should 
be able to adjust tlie electric potential to achieve suitable jet stream. 

[004S] The process of the present invention may fiirtfaer comprise steps of 
immorsing the spun fiber into an alcoholAvater solution to induce crystallization of 
silk. The composition of alcohol/water solution is preferably 90/1 0 (v/v). The 
alcohol is preferably methanol, ethanol, isopropyl alcohol (2-propanol) or n-butanol. 
Methanol is most preferred. AdditionaUy, the process may further con^se the step 
of washing the fibroin fiber in water. 

[0O47] In another embodiment, the biomatcrial is a film. The process for fotming 
the fikn comprises, for example, the steps of (a) preparing an aqueous silk fibroin 
solution comprising silk protein; (b) adding a biocompatible polymer to the aqueous 
solution; (c) drying the mixture; and (d) contacting the dried mixture with an alcohol 
(preferred alcohols are listed above) and water solution to crystaUl2B a siUc blend film. 
Preferably, the biocompatible polymer is poly(elhylene oxide) (PEO). The process 
Ssc producing the fihn may furtiter incbide step (e) of drawing or mono-axially 
stretching the resulting silk blend film to alter or enhance its nncfaanical propeities. 
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The stretching of a silk blend film induces molecular alignment in the Sba stmcttne 
of the film and thereby improves ihe mechanical properties of Hie fito [46-49]. 

[0048] hi a preferred embodiment, the film comprises fix>m about SO to about 
99.99 part by volume aqueous silk protein solution and firom about 0.01 to about 50 
part by volume PEO. Preferably, the resulting silk blend film is ftom about 60 to 
about 240 pm thick, however, thicks samples can easily be formed by usii^ larger 
volumes or by depositing nmltiple layeis. 

[0049] M a furtlier embodiment, Aebiomaterial is a foam. Foams may be made 
from methods known in the aiti including, fcr examfie, fiseze - drying and g^s 
foaming in which water is the solvent or nitrogen or otha: gas is ihe blowing agent. 



[0050] h 

foams can be prepared using, for example, the metiiod set forth in U.S. Patent 
6,423,252, the disclosure of vtliich is incorporated herein by reference. 

[OOSl] For example, the method comprimig contacting &b silk 
protein/lnoconqiatible polymer sohition with a suiftce of a mold, fbe mold canonising 
on at least one surfice tfiereof a fliree-dimensianal negative configuration of a 
predetermined micropattem to be disposed on and integral with at least one sw&ce of 
the foam, lyophilizing the solutitm while in contact with the micropattemed sur&ce of 
the mold, thereby providing a lyophili2ed, miciopattemed foam, and removing the 
lyophilized, micropattemed foam ftom the mold. Foams prepared according this 
method comprise a predetermined and designed micropattem on at least one surfiice, 
v^ch partem is effective to &cilitate tissue repair, ingrowth or regeneralian, or is 
effective to provide ddivery of a protein or a therapeutic agent 

[0052] In another embodiment, the biomaterial is a sca£Ebld produced using a 
molding process. &«, fbrexanqde, WO03/0042S4andWO03/022319. Usingsuch 
a process, fi>r exanqile, the silk proteiIl^iocampafible polymer solution is placed into 
a mold, file mold being a negative of the desired sh^^e of the scaffold. The solution is 
cured and removed fit>m the mold. In certain embodiments, it may be desirable to 
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[0053] Additional biomaterials may be fbimed with llie composition of the 



ct printing. See, Wiban et aL, (2001) PNAS 9S:13660-13664 and die 
references cited therem. 

[0054] The biomaterials produced by the processes of the present invention may 
be used in a variety of mescal fqipUcations such as wound closure systems, itKhiding 
vascular wound repair devices, hnnoslatic dressings, patches and glues, sutures, drug 
delivery and in tissue en 
ligament prosthetic devices and in 
implantation into the Human body. A preferred tissue engineered scaffold is a non- 
woven netwoiic of electrospun fibers. 

[0055] Additionally, these biomaterials can be used for organ repair replacement 
or regeneration strategies that may benefit &om these unique scaffolds, including but 
ate not limited to, spine disc, cranial tissue, dura, nerve tissue, liver, pancreas, kidney, 
bladder, spleen, cardiac muscle, skeletal musde, tendons, ligaments and breast 

[0056] In another embodiment of the present invention, silk biomaterials can 
contain therapeutic agents. To form these raaleiials, the polymer would be mixed with 
a thoapeutic agent prior to forming tiie material or loaded into the material after it is 
fixmed The variety of different therapeutic agents that can be used in coqjimction 
with the biomaterials of the present inveitian is vast In general, therapeutic agents 
^idiich may be administered via die pharmaceutical compositions of the invention 
include, witiiout limitation: antiinfectives such as antibiotics and antiviral agents; 



analgesic combinations; anti-inflammatory agents; hormones such as steroids; growth 
factors (bone morphogenic proteins (i.e. BMP's 1-7), bone morphogenic-lilce proteins 
(i.e. OFD-5, GFD-7 and GFD-8), epidermal growth fector (EGF), fibroblast growth 
factor (i.e. FGF 1-9), platelet derived growth fector (PDGF), insulin like growth factor 
(IGF-I and IGF-II), transfoiming growth fectors (i.e. TGF-.beta.I-III), vascular 
endothelial growth fector (VEGF)); and other naturally derived or genetically 



fectors are described in The CeUuIai and Moleculai Baas of Bone Fmmation and 
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Repair by Vicki Rosen and R. Scott Thies, published by R. G. Landes Company 
hereby incorporated herein by reference. 

[0057] Silk biomaterials containing bioactive materials may be formulated by 
mixing one or more therapeutic agents with the polymer used to make the matErial. 
Alternatively, a therapeutic agent could be coated on to the material preferably with a 
phaimaceutically acceptable carrier. Any pharmaceutical carrier can be used that does 
sot dissolve llie foam. The Ilietq)eutic agenls, may be present as a liqidd, a &^ 
divided solid, or any other E^iptopriate phyacal fimo. Typically, but optionally, the 
matrix will include one or mote additives, such as diluents, cameis, excipients, 
stabilizers or the like, 

[0038] The anoDiitoftherapeutic agent vviU depend on fhe particular drug being 
onployed and medical condition heiog treated. Topically, flie amount of drug 
repteseots about 0.001 percent to about 70 percent, mote typically about 0.001 
percent to about 50 percent, most typically about 0.001 petcent to about 20 percent by 
weight of the material. Upon contact with body fluids the ding will be released. 

[0059] The biocompatible polymer may be extracted fiom the biomateiial prior to 
use. This is particularly desirable for tissue engineeiiiig ^iplications. Extraction of 
the biocompatible polymer may be accomplished, for example, by soaking the 
biomaterial in water prior to use. 

[0060] The tissue engineering scaffolds biomaterials can be further modified after 
fabrication. For example, the scaffolds can be coated with bioactive substances that 
fimction as receptors or chemoattractorsfiir a desired population of cells. Thecoeting 
can be qipUed thtou^ absorptian or chemical bondmg. 

[0061] Additives suitable for use vnOx the present invention include biologically 
or phaimaceutically active compounds. Examples of biologically active compounds 
include cell attachment mediators, such as the peptide containing variations of the 
"RGD" integrin binding sequence known to affect cellular attachment, biologically 
active ligands, and substances tfiat enhance or exclude particular varieties of cellular 
or tissue ingrowth. Sudi substances incbide, for example, osteoinductive substances, 
such as bone moiiJiogenic proteins (BMP), epidermal giowfli factor (EOF), fibroblast 
growtii ftctor (FGF), platelet-derived giowtii &ctor (PDGF), vascular mdothelial 
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growth fector (VEGF), insulin-like growth fector (IGF-I and IT), TGF-, YIGSR 
peptides, glycosaminoglycans (OAGs), hyahuxmic acid (HA), iotegrins, selectins and 
cadbmns. 

[0062] The scaffolds aieshi^ into articles for tissue eogiiiBeiing and tissue 
guided regeneration applications, including reconstructive surgery. The structure of 
the scaffold allows generous cellular ingrowth, eliminatu^ the need for cdlular 
preseeding. The scaffolds may also be molded to form external scaffolding for the 
support of in vitro cuttuting of cells for the creation of external support organs. 

[0063] The scaffold fimcdons to mimic the extracellular matrices (ECM) of Ibe 
body. The scaffi>ld serves as both a physical stqrport and an adhesive subsbate for 
isolated cdls during in vitro culture and subsequent unplanlation. As the transplanted 



[0064] In the reconstruction of structural tissues like cartilage and bone, tissue 
^xspe is integral to function, requiring the molding of the scaffold into articles of 
varying thickness and shape. Any crevices, apertures or refinements desired in the 
three-dimensional structure can be created by removing portions of the matrix with 
scissors, a scalpel, a laser beam or any other cutting instrument. Scaffold appUcations 
include the regeneration of tissues such as nervous, musculoskeletal, cartilagmous, 
tmdenous, hepatic, pancreatic, ocular, integumenary, arteriovenous, urinary or any 
odier tissue formirig solid or hollow organs. 

[0065] The scaffold may also be used in ttanqdantation as a matrix for dissodated 
cells, e.g., chondrocytes or hepatocytes, to create a three-dimensional tissue or organ. 
Any type of cell can be added to the scaffold for culturing and possible implantation, 
including cells of the muscular and skeletal systems, such as chondrocytes, 
fibroblasts, muscle cells and osteocytes, parenchymal cells such as hepatocytes, 
pancreatic cells (mcluding Islet cdls), cells of mtestinal origin, and otiier cells such as 
nerve cells, bone marrow cells, ddn cells, phnipotent cells and stem cells, and 
combination thereol^ eith^ as obtained fiom doisors, fo>m established cell culture 
lines, or even before or afiagmeticengmeering. Pieces oftissue can also be used, 
which may provide a number of difforent cell types m the same structure. 
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[0066] The cells are obtained ftom a suitable donor, or tlie patient into which they 
are to be implanted, dissociated using stmidaid techniques atui seeded oiiln ami in^ 
thescaffold. In vitro cultming optionally may be perftmned prior to implant at i on. 
Alternatively, the scafGjld is miplaiited, allowed to vascularize, fben cells are injected 
into the scaffold. Methods and reagents for culturing cells in vitro and implantatian 
of a tissue scaffold are known to tiiose skilled in fhe art. 

[0067] The biomaterialsofthe present inleatico may be sterilized using 
conventioiial sterilization process su(^ as radiation based sterilization (Le. gamma- 



ray), dtemical based sterilization (ethylene oxide) or other i^pcoptiate procedures. 

Preferably tiie sterilization process wfll be wifli edtylene oxide at a temperature 
between 52-55° C. for a time of 8 hours or less. After sterilization the Uomaterials 



and use in hospitals and other health care facilities. 

[0068] The invoition will be further charactraized by the following examples 
vAick are intended to be exemplary of the invention. 

EXAMPLES 
Example I. 



[0069] Cocoons ofB.mori silkworm silk siqiplied by Institute of Sericulture, 
Tsukuba, Jqnn. FEO with an average molecular weigjfat of 4 x 105 gtaol and 9 x 103 
gMI (Aldrich) were used in blending. 

Preparation of Regenerated B. mori Silk Fibrom SolutioiB 

[0070] B. mori silk fibroin was prepared as fallows as a modification of our 
earlier procedure [25]. Cocoons were boiled for 30 min in an aqueous solution of 
0.02 M Na2C03, then rinsed tiiaroughly with water to extract the glue-like sericin 
proteins. The extracted silk was then dissolved in 12 M liBr solution at 60 °C 
yieldmg a 20% (w/v) solution. This solution was dialyzed in water u^ a Slide-a- 
Lyzer dialysis cassette (Pierce, MWCO 2000). The final concentration of aqueous 
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silk solution -was 3.0 to 7^ wt%, \^4iich was detennined by weig]iing tiie temaming 
solid after dryii]«. HFIP silk solution (1.5 wt%) was ptepawd by disaohring the silk 
fibroin produced after iyopMliaog the aqiwons silk solution into the HFIP. 

Preparation of Spinning Sohdions 

[0071] Silk/PEO blends in water were prepared by adding PEO (900,000 g/mol) 
directly into die silk aqueous solutions geoeraltng 4.8 to 8.8 wt% silk/PEO solutions. 
Silk solution in HFIP (1 .5 wt%) and PEO (4.0 wt%) solution in watra, respectively, 
were also prepared as control solutions for comparisons with the blend systems. Silk 
solution in HFIP was prepared by dissolving the lyophilized silk fibroin in HFIP at 
room temperature. The viscosity and conductivity of the solutions were measured 
with a Coiiette viscometer (Bohlin V88) with a shear rate fiom 24.3 to 1216 per 
second, and a Cole-Pannei conductivity meter (19820) at room tempoature, 
lespectively. 



[0072] Electrospirming was performed vrith a steel ca^llaty tube wilfa a 1.0 mm 
inside diameter tip mounted on an adjustable^ electrically insulated stand. The 
capillary tube was maintained at a electric potential for dectiospinning and 
mounted in the parallel plate geometry. The cqnilary tube vras connected to a syringe 
filled with 1 0 ml of a silk'PEO blend or silk solution. A constant volume flow rate 
was maintained using a syringe pisnp, set to keep the solution at the tip of Ifae tube 
without dripping. The electric potential, sohition flow rate, and die distance between 
the capillary tip and the collection screen wne adjusted so that a stable jet was 
obtained. By varymg the distance between tiie capllary tip and the collection screen, 
either dry or wet fibers were collected on the screen. 

Solution Treatment of Electrospun Mat fi»m Silk/PEO Blend Solutions 

[0073] Electrospun non-vroven mats ftom silk/PEO blocid solutions were 
immersed into a 90/10(vA^) niethanol/water solution for 10 min to induce an 
amorphous to P-sheet conformational transitian of electrospun silk fiber and iben 
washed with water fin- 24 hours at room ten^ierature and 36.5 °C, respectively, to 
remove PEO elecbros{iun fiber firom tiie mats. 
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SEM 

[0074] Images of electrospim fibers were obtained with a LEO Gemini 982 Field 

Emission Gun SEM. 

FT-IR 

[007S] Ilieiiifiaied spectra we measDied with a ATR-FT1R(Bn^^ 
SS) spectrophotQmeter. Each spectra for sanq>les was acquired in traosmittaiiceniode 
on ZnSe AIR crystal cell by accumulation of 2S6 scans with a lesoMon of 4 cm'* 
and a spectral range of 4000-600 cm''. 

XPS 

[0076] A Surfece Science Inc. Model SSX-100 X-ray photoelectron spectrometer 
was used to analyze the sur&ce of the sili; films to estimate the surface density of 
peptides. Survey scans (spot 1000 ^m, resolution 4, window 1000 eV) were 
perfinnied using a flood gun (chaise neutralizer) settmg of S eV and nickel wi^ 
held over the santple to iHevent charging of the sample sur&ce. 

Properties of Silk/PEO Blend Solutions with Pure SiJk and PEO Solutions 

[0077] Aqueous silk solutions without PEO did not electrospin; no fibers were 
formed because the viscosity and sar&ce tension of the soluticHi were not Mg^ enough 
to inaintain a stable drop at the end oftfae capillary tip. Ifighn concentrations of ^ 
in water to increased viscosity ofthesoludon resulted in gel formation. Astable 
drop at the end oftheciqHllaiy tip was achieved once llie PEO was added to the silk 
solution at the ratio shown in Table 1 . The viscosily of pure silk sohitimi was much 
lower than ofiier solutions, even at a hi^ concentration of7.2% as shown in Figure 1. 
A small portion of FEO in the silk solution increased the viscosity of the blends. The 
viscoatiesofsilk/PEOblendsolufions depended on the amount of PEO. The 
conductivities of silk and silk/PEO bloid solutions were higher than pure PEO 
solutions at room temperature. All silk/PEO blend solutions showed good properties 
related to viscosity and conductivity in order to elecrospm. 



Fiber Fonnation and Morphology of Electiospun Silk/PEO finm Water Solutions 
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[0078] The addition ofPEO to silk solutions generated a 



counter electrode was gradually increased to 12 kV, the drop at the end of the 
capillary lip elongated team a faemisphetical shqie into a cone sh^, o&ea referred to 
as a Taylor cone, the sq^lied 12 kVieaulted in ajet being initiated near the end of 
thecqnllaiytip. Hie distance between die tip and tiie collector was 200 nun and flow 
rate of all fluid was 0.02 ml/min to COS ml/rnin. Before all solutions were 
dectrospun. Teflon fluid was deposited on collection screen to peel off the mat eaaly. 

[0O79] The morphology and diameters offlieelectrospun fibers produced were 
examined using high resolution low voltage SEM. All silk/PEO blend sohitians 
produced fine unifoim jSbers with less tiian 800 nm average fiber diameters (Table 1). 
The fiber size was compared between seridn extracted silkwoim silk and electrospun 
fibers (No. 6) (Figure 2). The size of electrospun fiber was AO times smaller than flie 
native silk fiber. The mdividual electrospun fibers appeared to be randomly 
distributed in the non-woven mat A micrograph of the electrospun fibers firan a 
silk/PEO solution m water are shovm in Figures 3 A - 3D. 

[0080] XPS was used to estimate the sur&cecomposhnn of the mats. Table 2 
shows the respective peak intensities of Ols, Cls or Nls of FEO, silk fibroin and 
silk/PEO blends fiom electrospun mats. The ratios of Nls/Cls and Ols/Cls of die 
silk mat vwsre 0.31 and 0.40, respectively. In the case of the silk/PEO mats, Nls/Cls 
decreasedto 0.16 at muiimum and Ols/Cls mcreased to 0.49 atmaxunum. Basedon 
these lados we can estimate tiw fiber compoation as shown in Table 2. 

Solvent TrGatment of Electrospun Mats 

[0081] The mat was contacted with a 90/10 (v/v) metiianol/water solution fiw 10 
minutes to induce crystallization of silk and then stored in warm water at 365 °C for 
24 hours to extract PEO. The structure change of silk fiber between just elecrospun 
fiber and fiber after methanol tTeatanent was observed by ATR-FTIR. Asshownin 
Figure 4, its structure vinis random coil or silk I, when it was just electtospuiL Soit 
was easily sohible in water and lost fiber structure quickly. Bui, after methanol 
treatment, its stmctore was dialled into beta-^ieet in Figure 4. So, even after it was 
stored in water, it sliowed fine fiber structure. 



wo 2004/000915 PCT/US2003/019968 
18 

[0082] XPS was used to analyze ttesur&ceofthe mat ate methanolAv^ 
tteabnent and washmg with water to estkoate the suifiicecoinposU Table2shows 
the XPS spectra lesults of PEO, silk fibroin and silk/PEO blend electiospun mats. 
Their respective pealc intensities of Ols, Cls orNls are also shown in Table 2. Hie 
ratio of Nl s and Cls of all blend mat was less than the silk mat (0.33) even after 
washing with water. Therefore the individual silk/PEO decttospun fibers have PEO 
phases inside. Based on these ratios we can esUmate the composition of tlie surface of 
tile mat, relative of tbe solution used in spinning. 



[0083] Cocoons of B. mori silkwonn silk were obtained fiom M Tsukada, 
Institute of Sericulture, Tsukuba, Japan. PEO with an average molecular weight of 
9x105 g/mol and polyethylene glycol (PEO) (3,400 g/mol) were purchased fiom 
Aldrich and used wiHunit fiirther purification. 

Preparation of Regenerated B. mori Silk Fibroin Solutions 

[0084] B. mori silk fibroin solutions were prepared by modifying the procedure 
described earlier [25]. Cocoons were boiled for 30 mm in an aqueous solution of 0.02 
M Na2C03, then rinsed thoroughly with water to extract the ghie-like sericin 
jnotems. The extracted silk was then dissolved in 9.3 M UBr solution at room 
tenqierature yielding a 20 wt% solution. This solution was dialyzed in water using a 
SUde<arLyzer dialysis cassette QMerce, MWCO 2000) for 48 his. The final 
concentration of aqueous silk solution was 7.0 to 8.0 wl%, wiiidi was determined by 
wei^ung the remaining solid after drying. 

Preparation and Treatment of Blend Films 

[0085] Various silk Mends in water were prepared by aJdii^ 4 wt% PEG or PEO 
solutions into the silk aqueous solutions. The blending ratios (silk/PEO or PEO) were 
100/0, 95/5. 90/10, 80^0, 70/30 and 60/40 (w/w). The sohitions were mildly stirred 
for 15 min at room temperature and then cast on polystyrene Petri di^surfiices fin: 24 
farsatroamtempetatoieinabood. The fibns then placed vacntun for another 24 his. 
Silk fibroin and bloid fihns were umnersed in a 90/10(v/v) meflianol/water solution 
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foi 30 min to induce an amoiidious to p-sheet confomiatiQnal transition of the silk 
fitnoia After crystalliziiig the silk and silk/PEO or PEObleiida using mell^ 
solubilily in water, 17 MO at 37°C, was detennined {or 48 his. This solubility test 
was perfi3imed in shaking incubator and shaking speed vras 200 ipm. Itwasexpected 
tiiatjustPEO or PEO would dissolve. Soliibi% was calculated by weight balance 
between beftne and after PEO or PEO extraction. 

Characterization 

[0086] Fractured suifeces of silk and silk/PEG or PEO blend films were imaged 
using a LEO Gemini 982 Field Emission Gun SEM. A Surface Science Inc. Model 
SSX-100 X-ray photoelectron spectrometer was used to analyze the surface of the silk 
fihns to estimate the surfice density of silk peiptide versus PEO. Survey scans (spot 
1000 pm, resolution 4, window 1000 eV) were performed using a flood gun (charge 
nentializer) setting of 5 eV and nickel wire mesh held over liie sample to prevent 
charging of the sample surface. 

[0087] A differential scanning calorimeter, DSC (2920 Modulated DSC) from TA 
Instruments, was utilized to determine the thermal properties of the silk and blended 
films. Indium was used to calibrate temperature and the sample was sealed in 
aluminum pan. Each scans were perfoimed-20°C to 320°C with a rate of 10 "CVmin. 
Sample were cooled to -100°C at 20°C/min. 

Contact Angle Analysis 

[0088] The contact angle using MiUipore purifed water droplet, 1 7 MD, on the 
silk and blend films was measured to determine surface hydrophilicity. The water 
droplet, £q)proximately S pi, was applied using a syringe and 22-gaugB needle, and the 
static contact angle measured using a gonicmeter (Ranu^Hart, Inc.). TUs analysis was 
performed after methanol treatment. 

Mechanical Ftoperties of Silk and Blend Fihns 

[0089] The tensile properties of specimens (5x50x0.2 mm) were measured with a 
crossbead speed of 1 S mni/min using Instron tensile tester at ambient condition. 
Gauge length was set 30 mm and initial load cell of 100 kgfv^isi^lied. Thetensile 
str^igtii p» cross-sectional area (kg/nm]2) and die ratio of fhe relative elongatimi to 
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the initial film length at break (%) we detemiined from an observation of the stress- 
strain curves. 

BlendiiQ silk wi& PEG or PEO 

[0090] PEG and PEO were selected for blending wi& silk to impiove silk film 
properties with aqueous ptocessability and biocompatibility as key cdtetia. PEG or 
PEO were studied fior blending (with molecular weights of 3^400 and 900,000 g/mol, 
respectively). Silk/PEG or PEO films were first prepared to idratify concentralions of 
the components usefiil in materials processing. The films were cast &om wata 
solutions onto polystyrene Petd dish in various ratios (Table 4) ami dried ovetm(^ 
In the case of silk and PEO (3,400 g/mol) blends, the two components separated 
macroscopically into two phases durii^ fihn formation throughout the range of 
compositions studied. Poorer quality films formed from all blend ratios except 
silk/PEQ (98/2). Blends from silk/PEG were immersed in a 90/1 0(vA') 
methanol/water solution for 30 min to content the fibroin to the insoluble P-sheet 
structure. After this crystallization process, phase separation was more pronounced 
because the PEO phases became opaque v^iile the silk phase was still transtparent. 
Because the phase separation in the silk/PEG (60/40) blend was the most pronounced, 
further characterization was not considered on silk/PEG (60/40) blends. However, m 
the case of silk and PEO (900,000 g/mol) blends, no macroscopic phase separation 
occurred between two compoueots thtouj^ut the range of components studied. 

Aqueous SolnbiUty of Blend Fihns 

[009 1 ] Solubility was calculated by wei^t balance between before and after PEO 
or PEG extraction, as shown in Table 5. Silk or blend films were separated into 6 
parts, 3 parts of which were put into 3 indq)endent glass vials for solubility testing at 
12, 24 and 48 hrs. Up to 48 hrs, pure silk fibroin films did not show significant 
weight loss since they had been crystallized in methanol for 30 nriin before solubility 
testing. The sli^ weight change (-0.6%) during flie test was believed to be due to 
the subtle effects of physical shear due to the vigoious shakily. EnoTS in the range of 
1% were considered insigoifioant tooughout flie study. Figures 5A - SB showred the 
percentage wei^ loss of silk and silk/PEO or PEG blends according to time, hi the 
case of silk/PEO blends, diey showed relatively even wei^ loss throughout the range 
of con^ositions due to water solubility of PEO m Ihe blends (Figure 3A). 
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DSC 

[0O92] Thennalirapertiesofsflkairisak/PEObleaids were observed by DSC 
before and after methanol treatment (Figures 6 and 7). DSC thermograms of the 
regenerated silk films are shown in Figure 6(a) and Figure 7(a), which are before and 
after methanol treatment, respectively. Figure 6(a) shows an exothermic peak at about 
88^°C, attributed to the crystallization of silk fibroin induced by heat, and three 
endotheims at around 54.2, 137.7 and 277.9°C, attributed to the glass transition 
temperature, water evaporation and fhecmal degradation of silk fibroin, respectively 
[SO]. On the other ban4 Figure 7(a) shows an endottiemi at 278°C without any trace 
of exothernnc tran^on. This behavior is due to beta-sheet structuie fbimatian of ^ 
film during methanol tieatanent [51]. 

[0093] In Figure 6, ovedqipa^oftiie characteristic lliramal transitions of silk 
fibroin and PEO fixnn 54.2 to 64.2 °C m blends seems the main feature emerging 
fiom the above DSC results. However, some changes appeauDg in tiie DSC pattern of 
blend films with hig^ PEO content (mote tiian 20 wt%) may suggest that a certain 
degree of interaction was established between silk fibroin and PEO. We mainly refsr 
to the shift to lower tenq)etatute of tiie peak of PEO melting teiqperatuie and the 
disappearance of the crystallization peak of silk at 87 to 88 °C, as well, with 
increasing PEO cantBut in the blends. These effects can be inteqiteted as a decrease of 
PEO crystallization tenqjetatute m the blends and a pzevention of the silk 
crystalli2ation after PEO melts in die blends, due to tiie interaction of silk and PEO 
molecules. Otherwise, aStet methanol treatmoit of all samples. Figure 7 shows the 
melting temperature of PEO in the blends shifted just slightiy because of mostiy the 
phase separation between silk and PEO domain by the crystallization of silk. As it is 
shown in SEM observation as following, the two components formed micro phase 
separation in the blends. 

[0094] Even though tiie maximum tiiennal degradation temperature seems to be 
less affected by meflianol treatments and blending with PEO and its ratio, some 
changes were observed, such as a slight broadening of the decomposition endotherm 
with increaang the amount of PEO on flie blend in tiie case of blends before methanol 



XPS 
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[009S] XPS was used to estiinats the sur&ce composition ofthe films. Table 6 
shows fte respective peak intensities of 01s. Cls orNIs of silk fibroin and silk/PEO 
blend filnis before and after methanol treatments. The ratios ofNls/Cls were used to 
estimate die conqiosidon of silk and PEO befixe and after medianol treatments team 



composition as shown in Table 6. As tbe PEO portion was increased, the Nls/Cls of 
all blends was decreased in both of before and after methanol treatment Especially, 
the Nl s/Cls after methanol treatment on blend fihns was much lower than beftae 
methanol treatment. It could be estimated that the PEO part migrates into the surface 
of fihn by phase separation during methanol treatment, because of silk P-sheet 
formatioiL Since silk is relatively hydrophobic, it might be anticipated a lower 
content of silk on the film surface treated in methanol could be anticipated. However, 
the Nls/Cls ratio of silk/PEO (90/10) was increased after methanol treatment 

SEM 

[0096] The fiactuiedcaross section side and sur&cemoiphologiesofdie silk and 
silk/PEO or PEO blend fihns were examined using high resolution low voltage SEM 
after PEG or PEO extraction in warm water at 37° for 48 hrs. While the pure silk 
fibroin film exMbited a dense and uniform microstiuctuie, the fractured sur&ces of all 
silk/PEO hleiids showed a lou^ morphology due to the micro phase separation. The 
hitler the PEO content in the fihns tq> to 40 wt%, the denser the fihn morphology 
based on oross sections. The silk/PEO (90/10) blend showed the least dense 
morphology from the fractured sur&ces, which demonstrates that the PEO portion of 
the blend does not migrate to the surface during methanol treatment. This conclusion 
supports the SPS data. The silk/PEG blend fihns, unlike the silk PEO systems, did 
not show a different morphology than that seen with the pure silk fibroin films. 

Contact Angle Measuiemente 



[0097] The contact angli 
methanol treatment as shown in Table 7. The hydiopfaiUcity of suifiice was uuaeased 
with increasing ftie PEO ratio of the blend. 
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[0098] The values oftensaenKMhUus, nurture strength aadelcmgation of silk and 
silk/PEO blend films are shown in Table 8. The pure alk film displayed the typical 
behavior of brittle materials. The addition of 2 wt % PEO to silk fibrran was effective 
in inducing a slight in^vement of the mechanical propoties of blend fihns. In other 
ratios of blend, tensile modulus and strength decreased with increasing the PEO 
content However, dongation at break was increased slightly up to 10.9% in silk/PEO 
(60/40) blends. Methanol treatment of these san^les did not significantly change tlie 
mechanical properties. 

Drawing (Stretcbing) of Silk Blend Film 

[0099] PEO02BM (silk/PEO 98/02 wt%) fflm blend sample was soaked in water 
for 5 minutes at roran ten^etature and then stretched two times its original length. 
Then, the sample was dried at ambient conditicins for 48 hrs followed by tensUe 
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[00100] Cocoons of B. mori silkworm silk were kindly supplied by M. Tsukada, 
Institute of Sericulture, Tsukuba, Japan. PEO with an average molecular wei^ of 9x 
105 g/mol (Aldrich) was used in the blends. 

Preparation of Silk Matrices and Regenerated B. Mori Silk Fibroin Solutions 

[00101] To prepare flie silk matrices for cell seeding experiments, white Brazilian 
raw Bombyx mori silkwmm fibers were extracted for 1 bour at 90°C in an aqueous 
soludM of 0.02 M Na2 C03 and 0.3% (w/v) detergent as previously described [33] to 
remove seridn, the antigenic ghie-like ptoteins tiiat encsqpsulate fhe fibroin fibers 
following secretion ftom the silkworm. A 3-cai long silk wire-rope matrices 
consisting of 540 silk fibers (jpie-extraction) were generated for use in this study by 
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crimping ends with stainless steel 316L collars (1 cm in length, 2.2 mmI.D, 3 mm 
O.D.). 

[00102] Regenerated B. mori silk fibroin solutions was prepared as amodificatioii 
of our earlier procedure. Cocoons were boiled for 30 mm in an aqnsous solution of 
0.02 M Na2C03, and then rinsed thoroughly with watei to extract seiicin proteins 
[25]. The extracted alk was to dissolved in 9.3 M LiBr solution at 60°C yielding a 
20% (w/v) solution. TUs solution was dialyzed in water using a Slide-a-Lyzer dialysis 
cassette (Pierce, MWCO 3500). The final concentration of aqueous silk solution was 
8.0 wt%, v«4uch was determined by weighing llie remaining solid aAer diying. 

Preparation of Spinning Solutions 

[00103] Silk/PEO blends (80/20 wt/wt) in water were prepared by adding 5 ml of 
5.0 wt% PEO (900,000 g/mol) into 20 ml of 8 wt% silk aqueous solution generating 
7.S wt% silk/PEO solutions. To avoid tlie premature fbrmatian of P-sbeet stnichne 
during blending the two solutions, the solutions were stined gently at low 
ten^jeratuie, 4 

Electrospinning 

[001 04] Electrospinning was performed ■mfk a steel capillary tube with a 1 .5 mm 
inside diameter tip mounted on an adjustable, electiically insulated stand as described 
earlier [9, 32]. The capillary tube was maintained at a high electric potential for 
electrospinning and mounted in the parallel plate geometry. Tlie capillary tube was 
connected to a syringe filled with 10 ml of a silk/PEO blend solution. A constant 
volume flow rate was maintained using a syringe pump, set to keep the solution at the 
tip of tie tube without dripping. The electric potential, solution flow rate, and the 
distance between the capillary tip and the collectian screen were adjusted so that a 
stable jet was obtained. By varying the distance between the ci^jillary tip and the 
collection screen, either dry or wet fibers were collected on the screen. 

Treatment of Electrospun Mats 



[OOlOS] Electrospun non-woven mats fiomsitk/FEO blend solutions were 
immersed into a 90/10 (v/v) metbanol/water solution for 10 mm to induce an 





Opl 
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CeUs and Matrix Seeding 

[00110] BMSCs were isolated, cultured expanded and stored as previously 
described [33]. Briefly, human tm]MXicessed whole bone marrow aspirates were 
obtained from donors <25 years of age (Clonetic-Poietics, Walkersville, MD), 
resuspended in Dulbecco Modified E^e Nfedinm (DMEM) supplement with 10 % 
fetal bovine serum (FBS), 0.1 mM nonessential amino acids, 100 U/ml penicillin and 
100 mg/L streptomycin (P/S), and 1 ng/ml basic fibroblast giowth fiictor (bFGF) and 
plated at 8 111 asiriiate/cm2 in tissue culture polysQirene; non-adheient hematopoietic 
cells were lemoved with Ob culture medium during medium exchange after 4 days. 
Thereafter, medium was dianged twice a week. Primary BMSCs were detached prior 
to confluency using 0.25% typsin/1 mM EDTA and rq)lated at 5x 103 cells/cm2. Fast 
passage (PI) hBMSCs near confluency were trypsinized and ftozai in 8% 
DMSO/10% FBS/ DMEM for future use. 

[00111] Frozen PI hBMSCs wraedefiosted and replated at Sxl0^cells/cm2(P2), 
trypsmized when near confluency, and used for matrix seeding. Electtospim fibroin 
mats(l cm xl cm) wa» incubated with 70% alcohol for 30 inimitBsfbllovved by an 
extensive wasUng procedure with sterile PBS befiire cell seeding. Matrices were 
seeded widi cells (2SO0O ceUs/cm2) by direa pipettmg of die ceU suspension oiito the 
silk matrices and incubated at 37°C/S% CO2 m 2 ml of cell culture medium vrithont 
bFOF for fle duration of the eicperimest The cell culture medium was changed every 
4 days. 

[00112] For seeding BMSCs to silk native fiber matrices, gas sterilized (ethylene 
oxide) silk matrices (3 cm in lengOi) were placed in a custcan designed Teflon seeding 
chamber to mcrease cell-matrix intetactian. The cfaamber has twenty-four wells, each 
3.2 mm wide by 8 mm deep by 40 mm long (1 ml total vohune). Matrices were 
inoculated with 1 ml of cell suspension at a concentoafian of 2x106 cellsAnl by direct 
pipetting, incubated for 2 hours at 37°C/S% CQ2 and ttans&ned to tissue culture 
flasks for the duration of the eiqierimeut in an q>propriate amount of cell culture 
medium without bFGF. Following seeding, the silk matrices were cultured in an 
appropriate amount of DMEM (10% FBS) fbr 1 day and 14 days. 



Cell Proliferation Assays 
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Cell Counting 

[00113] After 1, 7 and 14 days, the silk mats were harvested, washed wiHi PBS to 
remove non-adherent cells, then incubated in 0.5 ml of 0.25% typsiWl mM EDTA at 
ZTC for 5 minutes. The trypsinization was stopped by adding 0.5 ml of culture 
medium containing 10% FBS to each sample. The cell numbers woe then counted by 
using a hematocytometer and microscope, 

MTT 

[001 14] Cell ptolifeialion was measnied by 3-[4,5-diinethylthiazol-2-yl]-2,5- 
dipfaoi^ tetiazolium bromide (MTT) (Sigma, St Louis, MO) staining. After 14 days, 
seeded silk matrices or silk mats were incubated in MTT solution (O.S mg/ml, 
37°C/S%C02) for 2 hours. The intense red colored fomiazan derivatives formed was 
dissolved and the absorbance was measured with a mictoplate specttophotometer 
(Spectra Max 250, Molecular Devices, Inc, Sunnyvale, CA) at 570 nm and the 
reference wavelength of 690 nm. 

Scanning Electron Microscopy (SEM) 

[001 15] SEM was used to determine cell morphology seeded on the silk fibroin. 
Following harvest, seeded siUc matrices wrae itmnediately rinsed in 0.2 M sodium 
cacodylate buffer, fixed in Kamovsky fixative (2.5% giutaraldehyde in 0. 1 M sodium 
cacodylate) overnight at 4°C. Fixed samples were dehydrated through exposure to a 
gtadieot of alcohol followed by Fieon (1,12-trichlOTotrifluoroethanfi, Aldrich, 
Milwaukee, USA) aiid allowed to air dry in a fiiine hood Spedmrais were examined 
using LEO Oranini 982 Field Emisaon Onn SEM (hig^ resolution low voltage SEM) 
andlEOL JSM-840A SEM. 

Results and Discussion 

Electrospinning of Silk/PEO Solutions 

[00116] IhordertoincreBsetheviscosityofaqueoussi]ksolution(8wt%),PEO 
(MW 900K) was added with the ratios of 4/1 (silk/PEO vrt/wt) shown in Table 9 as 
described above and in our previous woik [32]. The viscosity and surbce tension of 
the pure silk solution (8 wt%) were not high enou^ to maintain a stable drop at the 
end of the capillary tip. The addition of PEO to silk solutions generated a viscosity 
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and sur&ce tension suitable for electiospimiii^. The distance between ibe tip and the 
coUectoi vras 21 .5 cm and flow rate of the fluid was 0.03 mlAnin. As the potradial 
diffamce between fte capillary tip and the aluminim foil counto dectiode wra 
gradually increased 12 J kV 0=0.6 kV/cm), the drop at Ifae end of the Ciqpillacy tip 
eloi^Bted fiom a hranispherical shi^ into a cooe sh^. The moiphology and 
diameters of the electrospun fibers were examined using SEM. Silk/PEO blend 
solution produced fine unifinm fibeis with 700 nm ±50 average fiber dSametets (Table 
9). The individual electrospun fibers appeared to be randomly distributed in the non- 

[00117] The electrospun fibers Scorn the blend solution were observed by optical 
microscopy with a hot stage. The melting ten^peratureofPEO is anrandeCC [78] . 
and silk fibroins do not show any thermal transilions up to 100°C [79]. Figure 8(a) 
was taken at room temperature and Figure 8(b) afiio: heating to 100°C at a rate of S 
°C/min. This result confirms tiiat both polymer (PEO and silk fibroin) were presentmg 
single in the electrospun fibeis. The &ct that fibers remained intact in both 
temperatmes shows that the melt out of PEO didn't have any effect on their 
moriAology and structure. Tbetefoie, the fiber integrity depends only on silk fibroin. 

[00118] mectroqiun mats were treated with methanol to eliminate solubility in 
water. The sui&ce composition of the mats before and after rnethanol treatment was 
determmed by XPS (Table 3). Tlie respective peak intensities of OlS, CIS or NIS of 
two alls/PEO blends tcan elecbospunmats ate illustrated. The ratios of NIS /CIS of 
the mat was 0.23 before methanol tiealment After meflianol treatment, the NIS /CIS 
increased to 0.28 (Table 3) as expected due to solubility of PEO in methanol. When 
PEO was extracted firomthe mat at 37°C in water for 2 days, the NIS /CIS increased 
to 0.3 1 , which did not change even after 7 days. Therefore, after the PEO extraction 
during 2 days, ahnost all the PEO had been extracted. DSC measurements confirmed 
the elimination of PEO by this treatment as well (Figure 9). After methanol treatment, 
the electrospun mats showed a mehmg temperature peak for PEO around 56.3°C 
(Figure 9), after extraction in watrar the peak was absent To obsove delicate sur&ce 
morphology of electrospun fiber, high resolution low voltage SEM was used without 
a conductive-coatmg on the sanq>le. After medianol treatment, a snr&ce morphology 
of decbn^un mot was observed and each hidividual fiber showed the fibril structure 
with around 1 1 0 nm fiom its sur&ce similar to degummed native silk fiber (Figure 1 0 
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the data from cell counting experiment Presumably llie soluble FEO released &om 
the ntm-^ictracted mats duiiogincubatiaii kept the cells fiom attaching to the fibers, 
due to the hydioidiilic nature of FEO [84], vdiich limits protdn ads(Hption [85- 
87]. While the cells cm nfflirextracted iiuits stayed on fl» smfiuK of the natoial 
(Figure 14 (a)), some cells migtated undemeadi the silk fibers on FEO extracted mats 
(Figure 14 (b)). However, after 14 days, the cells grew among fibers and covered the 
majority ofihe sui&ce on both ofttie extracted and non-eKliacted fibers (Figure 1 4 (c) 
and(d)). 

[00121] In both eictracted and non-extiaclsdgrotq>s. the ceUnuinbers were 
significandy increased (p<0.01) at day 7 when compared with day 1, vtiiich suggests 
cell growth (Figure 15). Cell number on FEO extracted mats was dgnificantly higher 
(p<0.05) by approximately 88 % compared to flie cell number on the non-extracted 
silk mats. Most parts of the FEO extracted and non-extracted mats were densely 
populated with BMSCs after 7 days of cultivation; a cell sheet and possible ECM 
covered the surfaces as determined by SEM (Figure 13). This may explain the result 
that after day 7, the cell growth showed a plateau in both groups. The, difference in 
cell density at day 7 and day 14 between the PEO -extracted and non-extracted groups 
maybe due to differences in initial cell attadunent caused by the existence of PEO. 
The presence of the PEO did not affect cell growth, which may be due to the fact that 
the PEO vras extracted at 37°C after a few days of incubation in cell culture medium. 
Our XPS results suggested that PEO was extracted after iiiciibated the ailk naats at 
3TC in water for 2 days (Table 3). PataUel seeding experiments were perfoimed on 
native silk fibers. BMSCs were seeded on native silk matrices and cultured for 1 day 
or 14 days. SEM analysis showed that a few cells attached on native silk fibers (which 
have a diameter of ~15 (un on average) at day 1 (Figure 13). BMSCs reached 
conflueDGy and geared to fidly cover the silk matrices after 14 days of cultivation. 
BMSCs seeded and coltivaJed on the PEO extracted mats were present at higher 
densities coiupaied to cells on tiw non-extracted mats. However, these differences 
were not significant (p>0.05) (Figure 16). 

Conclusions 

[00122] Fine fiber mats with fibroin diameter 700 ± 50 nm were fbmiedfiom 
aqueous B. mori fibroin by electroqiinning with FEO with molecular weight of 
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900,000. PEO sillied good mechanical ptopaties to the eteetrospun mats, even 
tbou^ initiaUy, residual PEO inhibited cell adhesion. Within 1~2 days Mowing 
PEO extraction, those effects were abolished and proliferation commmiced. After 14 
days of incubation, the eleotrospun silk mats siq>ported extensive BMSC proliferation 
and matrix cover^e. The al»lity of dectrospun silk matrices to si^ott BMSC 
attachment, spreading and growth in vitro, combmed widi a biocompatibility and 
biodegradable properties of the silk protein matrix, suggest potential use of these 
biomaterial matrices as scaffolds for tissue engmeering. 

[00123] It will be apparent to those skilled m the art that various modifications and 
variations can be made to the present iiivenilion willu>ut departmg fiom die spin 
scope of the mvention. Thus, it is uitended 1bat the present invention covet the 
modifications and variations of diis inventian provided fiiey come within the scope of 
the qipended claims and their equivalents. 
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Table 1. CknKenliatiaiisandCoiuiuctividesof Si]k,PEO, SiUc/FEOBlei^ 
Electiospun Fibeis 

Soludoiis(%)(PEO/Silk) Co°cTO(>tS) Diam. 

Silk 12 - 12 240.0 

Nol 12 1/3 8.8 216.5 800 

No 2 7.2 1/4 8.3 191.9 600 

No 3 6.3 1/4 7.3 185.0 600 

No 5 6.0 1/3 7.4 209.0 800 

No 6 5.3 1/3 6.6 182.2 600 

No 7 4.1 1/2 5.8 175.1 600 

No 8 3.0 in 4.8 1543 800 

PEO - - 4.0 61.3 '♦SO 
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Table 2. High-Rfisoltition XPS Results firan flie Electiospun Silk, PEO, and 
Silk/PEO blends Sw&ces 



Element Ols Nls Cls Nls/Cls SiUoTEO 



Binding p^nHii^g Binding 



Ene^ 




Ene^ 


Atom% Energy atom% 




W/w 


PEO 531.2 


37.4 






284.6 


62.6 




0/100 


Silk 530.3 


24.7 


398.4 


18.9 


284.6 


56.4 


0.33 


100/0 


No.l 530.9 


27.1 


398.5 


15.3 


284.6 


57.6 


0.26 


79/21 


No.lw20 531.0 


23.6 


399.1 


17.3 


284.6 


57.9 


0.32 


97/3 


No.lw37 531.3 


23.7 


399.3 




284.6 


59.0 


0.29 


88/12 


No.2 530.9 


26.5 


398.6 


15.0 


284.6 


58.5 


0.26 


79/21 


No.2w20 530.9 


22.4 


399.1 




284.6 


59.8 


0.30 


91/9 


No.2w37 531.1 


24.0 


399.2 


17.7 


284.6 


58.3 


0.30 


91/9 


No.3 531.1 


25.2 


398.9 


16.4 


284.6 


58.4 


0.28 


85/15 


No.3w20 530.7 


25.2 


399.0 


18.2 


284.6 


56.6 


0.32 


97/3 


No.3w37 531.1 


23.2 


399.0 


16.3 


284.6 


60.5 


0.27 


82/18 


No.S 530.8 


28.4 


398.6 


13.8 


284.6 


57.8 


0.24 


73/27 


No.5w20 531.0 


25.1 


399.0 


16.3 


284.6 


58.6 


0.28 


85/15 


No.5w37 531.2 


23.9 


399.3 


16.8 


284.6 


59.3 


0.28 


85/15 


No.6 530.5 


26.4 


398.4 


15.8 


284.6 


57.8 


0.27 


82/18 


No.€w20 530.1 


24.0 


398.3 


17.6 


284.6 


58.4 


0.30 


91/9 


No.6w37 531.3 


23.2 


399.3 


17.4 


284.6 


59.4 


0.29 


88/12 


No.7 530.7 


26.4 


398.4 


14.2 


284.6 


59.4 


0.24 


73/27 


No.7w20 530.9 


24.5 


399.1 


17.7 


284.6 


57.8 


0.31 


94/6 


No.7w37 530.9 


23.5 


398.9 


17.9 


284.6 


58.6 


0.31 


94/6 


No.8 531.1 


29.2 


398.5 


10.1 


284.6 


60.7 


0.17 


51/49 


No.8w20 530.8 


24.2 


398.9 


16.7 


284.6 


59.1 


0.28 


85/15 


No.8w37 530.8 


24.9 


398.5 


17.5 


284.6 


57.6 


0.30 


91/9 
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Table 3. High-Resolvdioii XPS Results from the Electrospiin SSOWEO Blends 





01s 




Nls 




Cls, 




Nls/Cls 






Atoiu% 


Bindio) 
Energy 


Atom% 


Bindin) 
Ene^ 


'ato 










(eV) 




feV) 








530.9 


24J 


398.6 


14.4 


284.6 


61.3 


0.23 


AM^ 


530.9 


24.7 


398.8 


16.4 


284.6 


58.9 


0.28 




530.9 


24.4 


398.9 


17.8 


284.6 


57.8 


0.31 


EXT* 


S30.8 


24.1 


398.4 


18.0 


284.6 


57.9 


0.31 



'BM: before methanol treatmeol^ ^AM: after mBOanol treabnent, ^EX: after FEO 
Iter for 2 days, 4 after PEO extraction in waJssr fiw 7 days. 



Table 4. Silk fibroin/PEG or silk fibroin/PEO blend composition 



lk/PEG<M- SOk/fBG SilMPEO 
iO weight raUoBlend Cone. Blend Cone. 
Wend (wt%) (wt%) 



«.Q/0.16 
8.(V0.89 
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ser PEG or PEO extraction at 



PEOBleo 


d TimeQir) 


Befwe 


After 


Btfm 


After 




_ 


962 








100/0 


24 




88.6 








48 


106.S 










12 


S2J 


80.6(80.9)' 


67.2 


64 Jl (65.8) 




24 


76.7 


75.5 (75.2) 


40.4 


39.5(39.6) 




48 


9S.7 


91.2(93.8) 


45.6 


, 41.4(44.7) 




12 


794 


70.0 (71 J) 


66.6 


46.9(59.9) 


90/10 


24 


79.1 


70.6(71.2) 


74.0 


66.4(66.6) 




48 


74.1 


64.3 (66.7) 


76.4 


67.9(68.8) 




12 


59.2 


51.1 (47.4) 




49.0(47.1) 


80/20 


24 




46.7(43.3) 


58.6 


47.4(46.9) 






53.8 


45.5 (43.0) 




46.5(47.0) 








52.2 (46.3) 




59.7(63.0) 








58.3 (51.9) 


114,2 


79.5(79.9) 




48 


59.8 


45.6 (41.9) 




49.2(48.5) 




12 




39.8(34.7) 






«0/«) 






42.5 (38.3) 








48 


51.7 


33.6(31.0) 







s : calculated silk weight from the blend films. 



id Silk/PEO blend film sur&ces 



PEO02B 
PEOlOB 
PEO20B 
PEO30B 



531.1 25.3 
530.8 25.1 



61.9 0.21 84/16 



530.7 23.8 398.4 134 



raolOA 

PBO20A 
PE030A 



0.21 84/16 
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Table 7. Contact angle measuremedt of silk and silk/PEO blend films after methanol 
treatment 



Sample 


Sn.KAM 


PEO02A 
M 


PEOlOA 
M 


PEO20A 
M 


PEO30A 
M 


PEO40A 
M 


Anglef) 


81±2 


76.2±2 


72.2±1 


68.0±1 


68.0±1 


63.3±2 



Table 8. Mechanical properties of the silk and silk/PEO blend fihns before and after 
mettianol treatment 



SILKBM 


3.9±0.7 


47.2±6.4 


1.9±0.7 


PEO02BM 


3.3±0.6 


63.0±8.7 


5.7+2.0 


PEOIOBM 


3.2±0.2 


423±2.0 


2.7±0.6 


PEO20BM 


2.7±0".3 


28.9£2.g 


1.9±0.7 


FEO30BM 


2.3±0.1 


29.5±0.9 


6.2±l.g 


PEO40BM 


2.0±0.03 


3i6±3.4 


10.9±4.5 


SILKAM 


3.5±0.9 


S8.8±16.7 


2.1±0.4 


PEO02AM 


3.4±0.1 


58.5±6.5 


3.2±1.0 


PEOIOBM 


3^.1 


43.3±4.7 


2.6±0.3 


FEO20BM 


2.3±0.2 


27.9±3.0 


2.1dt0.2 


PEO30BM 


2.1±0.2 


29.2±5.3 


4.9±1.6 


PEOIOBM 


1.4±0.2 


26.5±23 


8.2±1.3 
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CLAIMS 

What is claimed is: 

1. A tissue engineered conslnwt comprising a non-vira^ 

fibers and a mammaliaa cell, whetdn said fibers comprise a silk protein and a 
biocompatible polymer. 

2. The tissue engineered construct of claim I, wherein the biocompatible 
poljmer is selected 6om the gxxip comprising polyethylene oxide (PEO), 
polyethylsaiB glycol (PEG), collagen, flteonectin, keratin, polyaspartic acid, 
polylysine, algmate, chitosan, cfaitin, hyalunmic acid, pectin, 
polycaptolactone, poljrtactic acid, pol^ycoKo acid, polyhydroxyalkanoates, 
dextrans, polyaiihjrdiides and other biocompatible polymeis. 

3. Thetissueei^jneeredconstjmctofcUriml.whBreinthesilkptoteinisfibroin. 

4. Tlietissueen0neeiedconsttuctofclaim3,wheteinsaidfibroinisoblained 
fiom a soltttion containing a dissolved silkvvorm alk. 

5. The tissue engineered construct of claim 4, wfaerem the silkvvotm silk is 
obtained fiom Bombyx moiL 

6. The tissue engineered construct ofclaiml,wherem said silk protein is 
obtained fiom a sohition containing a dissolved spider silk. 

7. The tissue engineered construct of claim 6, vAerein the spider silk is obtained 
from Nephila cUmpes. 

8. The tissue engineered construct of claim 1 , wherein said silk protein is 
obtained from a solution containing a genetically engineered silk. 

9. Thetissueengineeiedconstnictofclaiml,\d)ereinthefiberhasadiameterin 
fee range fijom 50 to 1,000 nm. 

10. ThetissueenginBeredconsliuctofclaiml,wheteinsaidfibercomprisesan 
effective amount of a biologically active substance that either promotes or 
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11. The tissaBengiiieeiedc<mstn]Ct of claim 10, the substaiKX is selected finm 
group consisting of collagen, fibroneotin, viionectin, Aig-Gly-Asp QIGD) and 
Tyr-Ile-Gly-Sffl>Aig (YIOSR) peptides, glycosaminoglycans (GAGs), 
hyaluronic add (HA), integrins, sdectins and cadhetins. 

12. The tissue engineered construct of claim 1, ydieiein the mamtnaliaii cell is 
selected &oin die group consisting of hepatocytes, pancreatic Islet cells, 
fibroblasts, chondrocytes, osteoblasts, exocrine cells, cells of intestinal origin, 
bile duct cells, parathyroid cells, ttiyroid cells, cells of the adrenal- 
hypothalamic-pitintary axis, heart muscle cells, Mdney epillieiial cells, kidoey 
tubular cells, kidney basement memlvane cells, nerve cells, blood vessel cells, 
cells forming bone and cartilage, smooth muscle cells, skeletal muscle cells, 
oscular ceUs, integumentary cells, bone mairow cells, ketatinocytes, 
phiripotent cells and stem cells and combinations thereof. 

13. A process for producii^ a silk blend fihn, comprising the steps of: 

(a) preparing an aqueous silk protein solutiom 

(b) adding a biocon^ble polymer to the aqueous silk fibroin solution; 

(c) drying the resuMng solution ofstep(b) to obtain a silk blend film; and 

(d) contacting tiK silk blend film with an alcohol and water sohitiuL 

14. The process of claim 13, T**erein the silk protein is fibroin. 

15. The process of claim 13, wherdn the biooonqatible polymer is selected fiom 
the group comprising polyethylme oxide (PEO), polyethylene gjycol (PEG), 
collagen, fibronectin, keratin, polyaspartic acid, polylyane, algjnaJe, chrtosan, 
chitin, hyaluronic add, pectin, polyc^lactone, polyladic add, polyglycolic 
acid, polyhydroxyalkanoates, dexttans, polyanhydrides and other 
biocon^>atible polymers. 

16. The fiber of claim 13, vAetdn two or more biocompatible polymers are 
added. 



17. The process ofdaim 14, wiietdn said fibrom is obtained fipom a solution 
containing a dissolved silkworm sUk. 
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1 8. The process of claim 17, -wieiein the silkwoim silk is obtained from Bombyx 

19. The process of claim 13, wherein said silk protein is obtaioed 6om a soluti<m 
containing a dissolved s^det silk. 

20. Theproccssofclaiml9,wiierantbesiiidersiIkisobtainedtomNephik 

21. The iTOcessofclaim 13, \^t«Bin said silk protein is obtained fixim a solution 
containing a genetically ei^ineered silk. 

2Z. Theprocessofclaiml3,\\4iereinttBsilkblendfilinis6omabout60pmto 
about 240 |m in thidaiess. 

23. The process of claim 1 3, wherein the silk blend fihn comprises fimm about 50 
to about 99.99 part by volume aqueous silk fibroin solution and fiom about 
0.01 to about 50 part poly(efliylene oxide). 

24. Tbeproceasofclaiml3,\«teBin^alcoholis3electedfi:<Rntfaeg[oup 
consisting of meflianol, ethanol, isopropyl alcohol(2-ptopanol) and n-butanol. 

25. The process ofdaim 13, furflifir comprising step (e) of mono-axaallydiawiiig 
the silk blend jGhn. 

26. Afflmcampiisingasilkprotranandpoly(ethyleneoxide). 

27. The film of claim 26, vvfaeidnte silk ptotem is fibroin. 

28. Afilmproducedbythepiocessofdaimsl3-25. 

29. Amethodofpiqparii>ga»lkbianiateiialsca£Ebldconq)risingtbestepsof: 

(a) providii^amold; 

(b) diiBctiiig a solution into the mold, wherein the solution comprises an 
aqueous solution of silk protein and a biocompatible polymer, ^^dierein 
the composilian is free of solvents other than water; 

(c) curing the solution; 
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(S) lemoving the cured scaffold fiom the mold. 

30. A compositiou camprising an aqueous solutioa of a silk protein and 
Wocon^ble polymer, vibmAa to coiiq)osition is ftee of solvMrts oilier than 

31. The composWon of claim 30, Twberein the silk protein is fibroin. 

32. Theconipositionofolaim30or31,wbereinfliebiocompatiblepolymeris 
PEO. 

33. Useof<becon^oationofolBim30or31to£imnasilkbiomaterial. 
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